Purpose: To document our experience with fragile X carrier screening. Methods: In this study, 29,103 women with no known or suspected family history of fragile X syndrome were offered fragile X carrier screening during their prenatal genetic counseling visit. Screening acceptance was analyzed by referral indication, carrier frequencies documented, and prenatal outcome data presented. Results: Overall, 7.9% accepted carrier screening. The premutation frequency was 1 in 382, and the intermediate allele frequency was 1 in 143. Conclusions: Fragile X screening is a desirable option for some women seeking prenatal genetic counseling and should be made available to this population. Genet Med 2005:7(4):246 -250.
Fragile X syndrome is among the most common human genetic disorders leading to mental impairment in both males and females. Since Lubs 1 first described the cytogenetic findings associated with this condition in 1969, significant advances have been made in our understanding of the broad spectrum of physical, cognitive, emotional, and behavioral involvement in affected individuals. With the discovery of the FMR1 gene in 1991, the underlying cause of fragile X syndrome was identified and the mystery of fragile X syndrome's unique inheritance pattern was unraveled. [2] [3] [4] [5] The fragile X mutation was shown to be an unstable CGG trinucleotide repeat capable of expansion when transmitted from mother to child. Prevalence studies suggest that 1 in 4000 males and 1 in 8000 females are affected by the condition 6 and approximately 1 in 260 females and 1 in 800 males is a premutation carrier (CGG repeat of Ն 55). 7, 8 Based on these prevalence figures, fragile X syndrome is thought to be underdiagnosed.
The American College of Medical Genetics Policy Statement on fragile X syndrome 9 recommends fragile X testing for individuals with mental retardation, autism, and learning difficulties and for individuals with a family history of undiagnosed mental retardation. Targeted screening has been successful in identifying many undiagnosed families yet the majority of carrier females remain undetected and unaware of their reproductive risks. A number of studies have evaluated the feasibility and efficacy of general population screening for women of reproductive age. Palomaki 10 was among the first to conclude that fragile X syndrome met population-based screening criteria but warned that our inability to predict clinical status in full mutation female fetuses warranted further consideration. Finucane 11 argued that fragile X syndrome was particularly suited for population screening among unselected pregnant women, pointing out the diagnostic sensitivity of the DNAbased assay. Subsequent studies [12] [13] [14] [15] have demonstrated the efficacy of fragile X screening programs among women of reproductive age and concluded that carrier screening should be made more widely available to women in the general population. Most recently, widespread prenatal population-based screening has also been shown to be clinically desirable (identifying 98% of fragile X-affected fetuses annually) and cost-effective. 16 Genzyme Genetics and Yale University School of Medicine are both referral centers for women seeking prenatal genetic counseling services. Yale University began offering fragile X carrier screening to patients seeking prenatal genetic counseling in 1995. Genzyme Genetics initiated its fragile X carrier screening program in 2001. In this article, we will report on our centers' experience with 29,103 patients who were offered fragile X carrier screening as part of their genetic consultation. The purpose of this study was to (1) document the acceptance rate of fragile X carrier screening among a large population of prenatal patients seeking genetic counseling, (2) report on the carrier frequency among patients who accepted screening, and (3) present outcome data regarding prenatal testing for patients identified as carriers.
METHODS
During the calendar years of 2001 and 2002, a total of 29,103 preconceptional or pregnant women were offered fragile X carrier screening. Of these, 5,454 (19%) were seen at the Yale University School of Medicine in Connecticut and 23,649 (81%) were seen at select Genzyme Genetic sites throughout the United States. Fragile X carrier testing was offered on a strictly voluntary basis. Patients were referred for genetic counseling for a variety of reasons. Patients referred for or found to have a suspected or known family history of fragile X syndrome were excluded from the study.
All patients were given written information about fragile X syndrome before their genetic counseling appointment. Information included a brief description of fragile X syndrome, its inheritance, the reported carrier frequency among women in the general population, and the availability of carrier testing. During genetic counseling the genetic counselor reviewed the information sheet, answered any questions, and asked the patient if she was interested in fragile X carrier testing. If a patient responded "no," there was no further discussion of fragile X syndrome and the patient's decision regarding fragile X carrier testing was documented as a decline. If the patient responded "yes," the genetic counselor reviewed the natural history and genetics of fragile X syndrome, outlined the benefits and limitations of carrier and prenatal testing, and discussed the cost of fragile X DNA analysis. Beacuse fragile X carrier screening is not currently considered standard of care, patients were also informed that third party payers may not cover the cost of testing and, therefore, the patient was responsible for payment should she accept testing. Patients were asked if they wanted to have fragile X carrier testing. Responses were documented as accepted or declined.
Acceptance among women referred for genetic counseling was documented, and acceptance rates were compared among subsets of the study population. Women were divided into separate categories based on the primary referral indication. The referral groups (see Table 1 ) were as follows: (1) advanced maternal age (Ն35 y at delivery; n ϭ 16,008), (2) positive multiple marker screening (n ϭ 6,738), (3) positive family history not suggestive of or consistent with a family history of fragile X syndrome (e.g., family history of birth defects, genetic disease, or mental retardation that does not follow a pattern of X linked inheritance; n ϭ 4,401), (4) abnormal ultrasound (n ϭ 1,102), (5) possible or known teratogenic exposure (n ϭ 622), and (6) patient concern (women who were Ͻ 35 y at delivery with no known significant history; n ϭ 232). Decisions about acceptance of an invasive procedure (CVS or amniocentesis) offered at the time of counseling because of an increased risk for chromosomal abnormalities was available for a subset (15,691) of the women referred for advanced maternal age.
For patients who accepted fragile X carrier testing, blood samples were sent to Yale DNA Diagnostics Laboratory, Genzyme Genetics Molecular Diagnostic Laboratory or other laboratories as determined by a patient's insurance. Extracted DNA was tested by Southern blot and PCR analysis to determine FMR1 gene allele size(s) and methylation status. PCR analysis was performed using the method of Brown et al. 17 Southern blot analysis was performed by the method of Rousseau et al. 18 FMR1 allele size was interpreted as either normal, intermediate, permutation, or full mutation using the same size definition categories recommended by the American College of Medical Genetics 19 : normal Յ 44; intermediate 45 to 54; premutation 55 to 200; and full mutation Ͼ 200 CGG repeats.
All premutation or intermediate allele carriers were referred for follow-up genetic counseling. Genetic counseling included a discussion of risks to the fetus and prenatal testing options. Patients were informed that no CGG repeat Ͻ 59 had been found to expand to a full mutation in one generation in a large series of patients. 20 For patients who accepted fragile X prenatal diagnosis, analysis of the FMR1 gene was accomplished by obtaining DNA from chorionic villi or cultured amniocytes. Methodology and CGG repeat category definitions were the same as that described for carrier testing. Table 1 ). The acceptance rate was highest among the patient concern group (41%) and was significantly higher than that observed among the other five referral indications combined (P Ͻ 0.0001). Conversely, the acceptance rate of the patients referred for positive multiple marker screening (3.1%) was significantly lower than that of patients referred for advanced maternal age (9.8%), positive family history of a disorder (excluding fragile X syndrome) (7.5%), an abnormal ultrasound (5.8%), or patient concern (41%) (P Ͻ 0.0001). The acceptance rate in the positive multiple marker screening group was not significantly different to that in the group referred for possible teratogenic exposure (3.4%). Approximately, 10% of the advanced maternal age patients accepted fragile X carrier screening.
Among the advanced maternal age group, we found that amniocentesis or CVS acceptance due to an increased risk for chromosomal abnormality was related to fragile X carrier testing acceptance. Women who accepted a procedure (n ϭ 7906) were almost twice as likely to accept fragile X carrier testing than women who declined a procedure (n ϭ 7785) (11.4% vs. 6.04%; P Ͻ 0.0001) (see Table 2 ).
Carrier testing and prenatal diagnosis results
Among patients who elected fragile X carrier testing, DNA analysis detected 16 women or 1 in 143 with an intermediate allele (45-54 CGG repeats) and 6 women or 1 in 382 as having a premutation (55-200 CGG repeats). No full mutation was identified. The distribution of these alleles and primary reason for referral are shown in Tables 3 and 4 .
Of the six women found to have a premutation, three elected to have fragile X prenatal diagnosis. Of the three who declined fragile X prenatal diagnosis, two had premutations in the 60 to 65 repeat range. Both of these patients had already been informed that they were carrying a cytogenetically abnormal fetus and elected to terminate their pregnancies based on these results alone. The third patient referred for advanced maternal age had a CGG repeat of 55. She declined fragile X prenatal diagnosis after genetic counseling based on the low risk of expansion to a full mutation and the female gender of the fetus. No further outcome information regarding this pregnancy is available. Of the three women who accepted fragile X prenatal diagnosis, two (with 57 and 60 CGG repeats, respectively) were found to be carrying normal male fetuses (they transmitted their normal allele), whereas one woman (with 74 CGG repeats) had a female fetus shown to be a premutation carrier. The mother's CGG repeat was transmitted intact, without expansion, in this instance (see Table 3 ). Among the 16 women found to have an intermediate-sized allele, all were counseled that no CGG repeat less than 59 had been observed to expand to a full mutation in one generation. Fourteen of these women were offered prenatal diagnosis for a Table 4 ).
DISCUSSION
The American College of Medical Genetics Policy Statement on fragile X syndrome diagnostic and carrier testing 9 recommends population carrier screening only as part of a well-defined clinical research protocol. Since publication of the Policy Statement, only one study has provided data on patient acceptance of fragile X carrier screening among women of reproductive age. This study was conducted in Finland by Ryynanen et al. 12 on women seeking prenatal care who did not have a family history of fragile X syndrome. During the initial visit, women were given a brochure about fragile X syndrome and fragile X DNA analysis was offered free of charge. Among the 1738 women who participated in the study, 85% (1477) elected to have fragile X carrier testing. This differs significantly from our overall acceptance rate of 7.8%. In comparing the two studies, several factors appear to be influencing patient decision-making. One is the cost of carrier testing. It is likely that a higher percentage of women will accept fragile X carrier testing if they are not responsible for this expense. Patients in our study were informed that the cost of testing could be as high as $350 and that third party payers may not cover the cost of fragile X DNA analysis. In addition, whether fragile X syndrome carrier testing was offered in isolation or as part of a panel of optional carrier screening tests, may also account for differences in acceptance rates. Race, cultural factors, religion, parental age, number of previous children, and socioeconomic status may have also influenced women's decisions regarding testing but this data were not available for analysis.
As our study has also shown, referral indication and uptake of an invasive prenatal diagnostic test are significant influencing factors. Women referred because of patient concern and women referred for advanced maternal age, especially those who accepted an amniocentesis or CVS, demonstrated the highest acceptance. Conversely, positive multiple marker screening was associated with the lowest acceptance, followed by women referred because of a possible teratogenic exposure. Perhaps these women are more preoccupied with their referral indication at the time of counseling and additional information about genetic risks unrelated to their primary concern is weighed differently or is more overwhelming than for other groups. Further study is necessary to investigate this issue and evaluate other, more effective ways to make fragile X carrier testing information available to this subset of women.
An important measure of the effectiveness of a carrier screening program is the frequency and effectiveness of carrier detection. Rousseau et al. 7 were the first to perform a largescale retrospective study on the frequency of premutation alleles. They found that the carrier frequency among women in the general population was 1 in 259. This study included 10,624 unselected women in whom 41 women with a CGG repeat Ͼ 55 were identified. These blood samples were obtained anonymously through a hematology laboratory in Quebec and included women with a family history of mental retardation. A subsequent Finnish study of women seeking prenatal care 12 excluded patients with a known family history of fragile X syndrome (n ϭ 1,477). In this study, six women (1 in 246) were found to have a CGG repeat Ͼ 60. A later study by Pesso et al. 13 included 9,459 women of reproductive age who were self referred or referred by their gynecologist for fragile X DNA analysis. Of these, 1,033 women reported a family history of mental retardation or developmental problems and were separated from those considered at low risk. Among the low risk group (n ϭ 8,426), 123 women were found to have a CGG repeat Ն 52. Of these, 59 (1 in 143) were identified with CGG repeats of Ն 55. This included one woman with a full mutation. In 2001, Toldedano-Alhadef et al. 14 performed fragile X DNA analysis on 14,334 Israeli women of reproductive age. Their study included preconceptional and pregnant women and excluded those with a family history of mental retardation. One hundred and twenty seven women with Ն 55 CGG repeats were identified (1 in 113), three of which were found to have the full mutation. A second screening study conducted in Israel of 34,014 women with no family history of mental retardation or learning disabilities, 15 identified 221 women with CGG repeats Ͼ 55 (including one full mutation) for an overall carrier frequency of 1 in 154. The premutation carrier frequency in our study, 1 in 380, excludes women with any family history suspicious of fragile X syndrome (mental retardation, developmental delay, and autism). There are several explanations why the current study most likely identified a lower carrier frequency. These include founder effects that have been described in the Finnish and Israeli populations 21, 22 and differences in exclusion criteria. It may also be possible that premutation and full mutation women, who present with subtle emotional or cognitive involvement, 23 might be overwhelmed by the amount of information and options presented during a genetic counseling session and decide not to participate.
One potential problem associated with carrier screening is detection of women with intermediate alleles. In our study, the intermediate allele frequency was 1 in 143. This compares to a previous study that suggested the intermediate allele frequency may be as high as 1 in 52. 24 Despite advances in our understanding of CGG repeat instability, management of women with intermediate alleles remains challenging. Current opinion is to perform family studies, when possible, to determine allele instability within a given family. Women should also be counseled that there have been no reports of a CGG repeat Ͻ 59 expanding to a full mutation when passed from mother to offspring. 20 Although we followed these guidelines when counseling the intermediate allele carriers in our study, we found patients still felt unsettled by their carrier testing results. As noted in our study, 70% of women with an intermediate allele who were having amniocentesis for another reason, requested fragile X prenatal diagnosis for reassurance. As expected, no CGG repeat in the intermediate allele range expanded to a full mutation when passed from mother to offspring.
Patients seeking prenatal genetic counseling are often referred because of an increased risk for mental retardation. Many patients are concerned about their risk for having a child with Down syndrome, the most well-known cause of mental retardation. These same women, however, are unaware of the risk for fragile X syndrome. Today, it is standard of care to offer routine screening for other debilitating or devastating genetic conditions that have a similar frequency to fragile X syndrome (e.g., cystic fibrosis, Tay-Sachs and Canavan disease among the Ashkenazi Jewish population). This provides further rationale for offering fragile X carrier screening given the comparable frequency and burden of the disorder.
The cost of fragile X testing is not high in the context of the overall cost of prenatal diagnosis and the benefits to individual families can be enormous. One model, designed to evaluate the cost effectiveness of widespread fragile X screening compared the outcomes of screening versus not screening for the fragile X FMR1 premutation. 16 Outcome measures included societal costs of the screening strategy, the number of procedure-related losses, the number of fragile X fetuses identified, and a cost per quality adjusted life-year (QALY) ratio. The authors concluded that screening would lead to the identification of 98% of fragile X-affected fetuses annually and may be costeffective depending on the cost of screening and the number of offspring. A separate study examined the attitudes and perspectives of fragile X families regarding screening. 25 Parents were generally supportive and saw benefits in making voluntary carrier screening for fragile X syndrome available more broadly.
Our study suggests that fragile X carrier screening is an acceptable option for some women seeking prenatal genetic counseling. As with other conditions, we have found that information necessary for informed decision-making regarding fragile X carrier screening can be presented effectively and efficiently. Based on our experience, the reported carrier frequency among women of reproductive age, the potential cost effectiveness of screening, and the ability to accurately identify this disorder, it seems good medical practice to make information regarding the most common inherited cause of mental retardation available to patients seeking reproductive genetic counseling. Patients who are found to be carriers should be referred for genetic counseling and be given the option of fragile X prenatal diagnosis.
